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SUMMARY

Both ferward angle and 90° light-scattering measurements have been used
for cell sizing with stream-in-air flow systems with very little thaoretical
base far the measurements., Mie theory calcoulations are compared with peasurc-
ments on plastic microspheres. Detector response for homogeneous spheres is
shown to be scensitive to refractive Index, as well as to particle position

within the ce'l stream.



Streanm—in-air flow systems bazed on the original Stanford design (1,3)
have hecome increasingly popular in recent years, particularly since the
systens became commercially available (2,4). Both forward angle and 90° light
scattering have been used with these systems for cell sizing with the assumption

that the scattervd light intensity lncreases monotonically with cell size.
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sealter seisar- uysed in the two commercially available cell sorters with measure-
ments on plastic wicrospheres. We also present calculations showing the effects
on scattered light intensity of changes in particle refractive index and particle

position within the ¢ell strean.
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MATERIALS AND METHODS

In the stream—in-air flow chamber, the sample stream is surrounded by a cell-
free sheath fluid andipasses ve -*ically downward through &« 50- to 100—m diameter

orifice and through a {ocused laser beam lying in the horizontal plane a few

[ 4 el

mnitliret.ars below the orvrifice. Since the cvliodr cal trear airreastie rofracr- and

By

rvflects the laser beam, the light collection ie¢nses in the scatter detectors
have horizontal beanm stops that block the light scattered at small ungles rel-
ative to the horizontal plane.

A typical forward scatter detector geometry is shown in Fig. 1 from the view-
point of detector space. The aungles 62 and s Iin detector space are thooe which
would be measured if the cell stream consisted of air instead of water. H is the
vertical height of the beam stop, and Rmux is the ctfrective radius of the
scattered light collectlion lens. This radius is generally somcewhat less than the
full lens radius and depends on iris setrings aad lens mounting conditions.

D (02, ¢2) is a smill element on the face of the collection lens. The detestor
response is determined by integrating the response at D ever the exposed tacu

of the lens. Figure 2 shows the scattering gecmetry in cell space inside the
stream. The center of the stream is at 0, the lascr beam is collinear with the

z axls, the cell or particle is located at an arbitrary point, C, and the scattered

light ray intcrsects the stream surface at 5. The true scattering angles which

arc used in the elcctromagnetic theory scattering calculations are 90 and @

1 1

These angles depend on 0 and but iare, in pencral., numerically ditferent.
4 2 b y

2
For every puint D (O?, ¢,) in an array on the detector face, internal angles,
Ul and ¢l, are caicnlated using a non-!inecar least squarves minimization code

which implements the Levenberg-Margoardt algorithm (7,8).  The scattered light

intensity in the dlrectioan (01, ¢l) for a homopgenecous spherical particle



lo-ated at C is then calculated using exact electromapgnetic theory (5,11), often
referred to as Mie theory (9). The array of points, D (02, $2), consists of

20 uniformly spaced values tor 92 and nine uniformly spaced values for ¢2 in the

upper half plane. The calculated intensiticrs are then averaged to give t.

17

detector response.  The caleutlations and measurements presented are for two

sro i il sosiiable qrpeem-dn-air o sy stermir o tiae Gt dioolnsun
va~lE ) and o prototype of the Coulter iU5-1 (4). In all cases, the par-
Ui ie vesnoe in oassumed to be uniformly illurdnated at 4+ % nm, lmposition of

a Gaussian laser beam profite will enhance the cell position effects described

below.
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RESULTS

Table I gives the pertinent dimensions used in the calculations. Figure 3
shows the detector re;ponse vs particle diameter as a function of particle
relative refractive index for the forward scatter detectors in these two
svatems,  The experimental data points are for plastic mic,ospheses whose
characteristics are given in Table Il. The imaginary component of the refrac-
tive index was assumed to be 0.0 for all the calculatinns shown in the {igures.
The relative refractive index m = 1.0 ccrresponds to a homogeneous sphere
model for a live cell, m = 1.12 to that for a fixed cell, and m = 1.20 to that
for a polystyrene latex sphere immersed in a saline solution whose refractive
index is 1.3345. The mismatch between theory and experimear for the 15.7-
and 18-ym diameter spheres is considered in the discussion section. Note that
the response is rather flat in the diameter r-gion below 5 bm, implying that
one would obtain very small light-scatter ccefficients of variation for small
particles with significant volume coefficients of variation. Notec also that
the FACS-JI system is more sensitive to particle refractive index changes than
is the TPS-]1 system.

The forward scatter detector response is affected by the position of the
particle within the stream. Figure 4 shows the calculated effects of particic
position on the detector response vs particle diameter curves for the two
syctems for two different particie relative refractive irdices. The figure
leypends give the coordinates of the particle center (XC, Y , Z.) in um with

C C

respect to the: center of the sample stream. These effects are illustrated
more dramatically in Fig. 5 which shows a comparison between experimental and
calculated scatter intensity frequency histograms for 10-um diameter poly-
styrene latex microspheres (10).  The calculated distributions were obtained

by Monte Carlo methods using the experimental Coulter volume distributions and

-7-



the calculaced position distributions. 7The Couliter volume trequency histogran
was cransformed intu a diameter distribution and divided into five bins with
appropriately assigned probabilities. A two-dimensional map of detector

response vs particle position was generated for each diameter bin, and thzn an
appropriate number of particles was selected at random from a normal distribu-
tion (6) with tie standard deviations noted in the Fipure logend.  The model

data with 0.]l-um standard deviation reflect the particle size distribution.

Only 4000 particles were used to generate this distribution to maintain a
recasonable scale on the graph. The g = 0.75-ym calculalions and the experimental
data both contain 19,166 points.

The effects of refractive index on the 90° scatter detector response function
for the FACS-II are shown in Fig. 6. The particles are assumed to be centered
in the cell stream. Note that the refractive index dependence is now inverted
with respect to that of the forward scatter detector. The mi.mratch between
theory and experiment at the 15.7- and 18-um diameters is discussed below,
Figure 7 shows the effects of cell position on the 90° scatter detector response

functicn  Particle coordinates (XC, Y ZC) inside the cell stream are given

C’

in the figure legend.
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DISCUSSILCN

Since the 15.7- and 18-um diameter <;..cres were darkly colored, imaginary
refractive indices were chosen to minimize simultaneously the discrepancies
between theory and experiment for each of these two particle sizes for the
data in Figs. 3A and 3B and Fig. 6. Ap imaginary refractive index, N of 0.0015
was successful in moving the calculation for rhe 18-um diameter spheres to
within one standard deviation of the experimental data for all three detectors.
An n, value of 0.0009 mcved the calculations for the 15.7-pym diameter spheres
to within 1.6 standard deviations for the FACS-II and TPS-1 forward scattet
detectors. However, this correction still left the caliculation for the 90°
FACS-II1 detector seven standard deviations above the experimental data.

It has been shown that the response of scattered light detectors for two
commercial stream-in-air cell sorters is sensitive both Lo particle refractive
index and position within the stream. The effects of cell position within
the sample stream can be minimized by using a concentrated sample and adjusting
the sheath and sample pressures so that the sample stream diameter within the
sheath strezm is minimized. To <ddress the effects of refractive index changes
and non-monoticity of the scatter detector response function, care should be
taken in interpreting the data when, for example, comparing frequency histograms
of cells prepared with different fixatives. Although these results are strictly

applicable only to homogeneous spheres, they shed some light on problems likely

to be encourntered with biological cells.
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TABLE [

Detartor fvremet rry S CLevgt e Uoeed S toer ferloeg togr T ops

LFACS-11

FAEY VLY T Farsard o))" TR - 1

H (wun) .45 th, a0

s

o6

R (mm) 6 1.9 10.5
[INEN .

ZD (mm) z2 - 2%.4

s (um) 30 0 3.1

Yl) (mm) -- .2
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FIG. 3. Refractive index effects:

Theo

retical torward scatter detector

response as a function of homogencous sphere diameter for three different

particle relative refractive indices, m.

Experimencal data points are for

polystyrene latex microspheres whose propertics are given in Table T1.

(A) FACS-I1, aud (B) TPS-1.
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FIG. 4. Position effects: The calculated effects of particle position, C,
on the forward scatter detector response vi particle diameter curves for the
FACS-IT and TPS-~1 cell sor*trrs fer two particle relative refractive indices.
The particle coordinates (XC, YC’ ZC) are given in ym in the legend. (A) FACS-
IT, m = 1.03; (B) FACS-IT, m = 1.20; (C) TPS~1, m = 1.03; and (D) TPS-1, m =

1.20.
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FIG. 5. Comparison between experimental znd theoretical forward scatter
intensity frequency hictograms for 10-pm diameter homogeneous plastic micro-
spheres. Calculated distributions were obtained by choosing a particle at
random from a normally distributed Coulter volume distribution (volume
coefficient of variation 2%) and placing the particle in the Y-Z plane in the

cell stream at random within a normal distribution with the standard deviaticns

given in the legend.
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FIG. 6. Theoretical 90% FACS-I1 scatter detector response as a fuactiva of
homoygenecus sphere diameter for three particle vetative refractive indics., n.
Experimental data points are tor vaiterm polystyrene latex nicro pleres waone

properties are given in Table L.
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FIG. 7. The calculated effects of particle position, €, on t.c 907 FACS-11
scatter detector response for two particle relative refractive indice ., m.
The particle coordinates (XC, Y(Z' ZC) are piven in pmoin the leeeand.  (A) FACS-
11, m= 1.03; and (B) FACS=II, m - 1.20.
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